Global anthropogenic changes are occurring at an unprecedented rate; one change, human-facilitated introduction of species outside their native range, has had significant ecological and economic impacts. Surprisingly, what traits facilitate range expansions post-introduction is relatively unknown. This information could help predict future expansions of introduced species as well as native species shifting their ranges as climate conditions change. Here, we asked whether specific behavioural and physiological traits were important in the ongoing expansion of house sparrows (Passer domesticus) across Kenya. We predicted that birds at the site of initial introduction (Mombasa, introduced approx. 1950) would behave and regulate corticosterone, a stress hormone, differently than birds at the range edge (Kakamega, approx. 885 km from Mombasa; colonized within the last 5 years). Specifically, we predicted greater exploratory behaviour and stronger corticosterone response to stressors in birds at the range edge, which may facilitate the identification, resolution and memory of stressors. Indeed, we found that distance from Mombasa (a proxy for population age) was a strong predictor of both exploratory behaviour and corticosterone release in response to restraint (but only while birds were breeding). These results suggest that certain behavioural and neuroendocrine traits may influence the ability of species to colonize novel habitats.
INTRODUCTION
The introduction of species outside their native range is currently one of the largest threats to global biodiversity [1] . Of the four stages of an invasion (i.e. introduction, colonization, establishment and range expansion [2, 3] ), range expansion is arguably the most important because it is typically the stage in which species have the largest economic and ecological impacts. Owing to the unethical nature of experimental introductions and the rarity of natural range expansions, they remain under-studied, especially in vertebrates. However, studying invasive species during a range expansion in an ecological or evolutionary context could lend great insights not only to invasion biology, but also to the spatial structure of species interactions, mechanisms of allopatric speciation and population responses to environmental stressors, such as global climate change [4] .
For populations to expand, individuals must possess particular traits to allow them to exploit the novel conditions they face in new areas; many behavioural traits (e.g. boldness, aggression, response to novelty) may be especially important in novel environments [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Different selection pressures along a range expansion could select for different levels of these traits between the site of introduction and the edge of the range. For instance, male mountain bluebirds (Sialia currucoides) are significantly more aggressive towards conspecifics in novel environments; however, as populations age, selection favours less aggressive, more philopatric males exhibiting greater parental care, which increases offspring survival [13, 14] . Exploratory behaviour is also likely to be an important trait mediating range expansion, as exploration facilitates the identification of novel resources [16] , as well as potential stressors (e.g. predators, challenging microclimates). However, when familiar resources are available, exploration might have a reduced benefit and be lost through genetic drift [17] ; further, in these areas, exploration might increase the likelihood of exposure to toxins and predators, waste time that could be devoted to other activities [18] , and increase the likelihood of being out-competed by individuals procuring known resources. Indeed, exploration tends to be stronger in invasive species and invading populations [7, 19, 20] compared with native species and populations.
In unfamiliar environments, where the necessity for exploration is increased, stressors are probably also less predictable and potentially more frequent. Glucocorticoids (GCs), hormones released by the hypothalamic-pituitaryadrenal axis in response to stressors, help individuals cope with and resolve stressors [21] . Thus, the release of GCs in response to stressors is also apt to be stronger at range edges. Although data indicate that introduced populations are more exploratory than native ones [7, 19, 20] and GCs may play a role in population viability after an introduction [22] , it remains untested whether increased exploration and altered stress hormone regulation facilitate range expansions.
Here, we tested whether exploratory behaviour and corticosterone (the main avian GC) response to stressors are more pronounced at the edge of a range expansion of house sparrows (Passer domesticus) in Kenya. House sparrows are one of the world's most broadly distributed species and were introduced to Mombasa, Kenya in the 1950s [23] . Since then, house sparrows have spread northwestward across the country arriving at the Ugandan border within the last few years (figure 1). Using house sparrows collected from eight cities differing in time since colonization in Kenya, we measured exploratory behaviour in a novel environment. We also measured corticosterone response to restraint stress along this range during both the breeding and non-breeding seasons.
METHODS
(a) Study population Wild adult house sparrows were caught in mist nets from eight cities across Kenya during the breeding season (March-June) of 2011 (see the electronic supplementary material, table S1; figure 1). To test the effect of life-history stage on corticosterone response [24] , additional house sparrows were caught from six of the eight cities in July 2010 when Kenyan birds were moulting (see the electronic supplementary material, table S1). House sparrows were introduced to Mombasa, Kenya around 1950. Although the year of house sparrow arrival to most other Kenyan cities is unknown, they probably arrived in Nairobi sometime during the late 1980s or early 1990s [25] , and to cities north and west of Nairobi sometime after 2000 (National Museums of Kenya 1950 Kenya -2005 , unpublished data). Further, genetic analyses indicate that house sparrows expanded west from Mombasa along the Mombasa highway (i.e. from Mombasa to Voi, to Nairobi, to Nakuru, to Kakamega) with a secondary expansion north from Nairobi (i.e. from Nairobi to Nyeri, to Isiolo [26] ). Therefore, we used distance from Mombasa as a proxy for time since colonization (most recently colonized cities are furthest from Mombasa). At capture, birds were banded with a numbered aluminium band and colour bands, and wing cord (mm), tarsus (mm) and mass (g) were measured before being handled as described below. Individual condition was determined using the residuals of a linear regression of mass against tarsus. All experimental procedures were approved by the (b) Exploratory behaviour Between 8 and 18 adults were caught from each city (n ¼ 98; see the electronic supplementary material, table S1). After capture, birds were brought into captivity and singly housed in 35.6 Â 40.6 Â 44.5 cm cages in ambient conditions. Birds were given ad libitum access to food (mixture of millet, red millet, sorghum and rice) and water for one week, during which time other behavioural measures were made for a separate study. Immediately following exploratory measurements, birds were released. Exploratory behaviour was measured similarly to previously published methods [27] [28] [29] [30] . Briefly, after 1 h without access to food, birds were individually placed into a novel environment: a 2.74 Â 2.13 m tent containing 10 novel items (table, cooking spoon, tent poles, broom, mop handle, antennae, stool, nest-box, rope and a bucket) and seams sufficient for perching (see the electronic supplementary material, figure S1 ). Birds were given 10 s to acclimate, then observed for 5 min by two individuals (and averaged for each variable). The proportion of the tent explored (measured in quarters, i.e. 25%, 50%, 75% or 100%), the number of hops (when the individual changed location, not just direction) and the number of novel perches used were recorded as measures of exploratory behaviour; additionally, the presence of stereotyped behaviours (e.g. patterns of repetitive movement) was assessed. All behavioural indices were collapsed into a single exploration score using a principal components analysis (using correlation matrix and varimax rotation). Principal component 1 (PC1) was the only factor that met the Kaiser criterion (eigenvalue greater than 1), and therefore was the only factor used in analysis; PC1 accounted for 36 per cent of the variation and varied positively with all four behavioural variables (see the electronic supplementary material, table S2).
(c) Corticosterone response During the breeding season, 10-13 house sparrows (n ¼ 88, electronic supplementary material, table S1) were collected from each of the eight cities; another 5 -11 house sparrows (n ¼ 58; electronic supplementary material, table S1) were collected from six of the eight cities during moult. To measure corticosterone concentrations, blood (approx. 25 ml) was taken from the brachial vein within 3 min of capture; birds were then placed in a cloth bag for 30 min to elicit a corticosterone response, and bled again. Blood was centrifuged and plasma was extracted and frozen in liquid nitrogen until corticosterone levels could be measured using a commercially available enzyme immunoassay kit (Assay Designs; average detection limit of 27 pg; validated elsewhere [31, 32] ). Samples were randomly distributed among eight plates; intra-plate variation was less than 10 per cent for each plate, whereas average inter-plate variation was 8 per cent. Corticosterone response (DCORT) was calculated by subtracting baseline values of corticosterone from elevated levels taken after 30 min of restraint. Different individuals from each site were used for this part of the study because: (i) repeated bleeding could have affected behaviour [33] , and (ii) experiments were not designed to address the mechanism of action of corticosterone on exploratory behaviour.
(d) Statistical analysis DCORT was ln-transformed to achieve normality. General linear models (GLMs) were used to determine whether population age (i.e. distance from Mombasa; km) predicted exploratory behaviour and ln-corrected DCORT responses; as corticosterone is regulated differently during breeding compared with moulting [24] , corticosterone data were analysed separately by season. When GLMs indicated significant effects of distance from Mombasa on measured traits, we then used a model selection approach (using general linear mixed models, GLMMs), to determine whether distance from Mombasa was a better predictor of dependent variables than other factors known to influence behaviour or corticosterone (see below). In addition to distance from Mombasa, we used the degree of urbanization around the catching site (microhabitat), altitude (m), house sparrow density (per km 2 ) and individual condition and sex (see the electronic supplementary material, table S1) as fixed factors in GLMMs and each individual nested within city was used as a random factor. Distance from Mombasa and altitude were determined using a GPS device (Garmin 60 CSx); microhabitat, shown to affect corticosterone regulation in other studies [34] [35] [36] , was assessed as urban or non-urban by the proportion of pavement surrounding the netting site (within approx. 50 m) and the amount of vehicular and human traffic through the area; and house sparrow density was determined at the time of data collection by averaging point count estimates (two observers, 5 min fixedradius (50 m) distributed throughout each city (8-15 per city, depending on city size [37] ). Backwards model selection was conducted based on corrected Akaike information criteria (AIC c ) scores; each single factor was used as well as interactions between distance and microhabitat, distance and condition, distance and sex, condition and house sparrow density, and microhabitat and density; we chose these interactions because microhabitat, condition and sex may vary by distance (dependent on the dispersal mechanism) and density might influence individual condition or be influenced by microhabitat. By using AIC c scores, the top five models were averaged to determine the relative importance of each variable [38] . R v. 2.14.0 was used for all statistical analyses and GRAPHPAD PRISM v. 5 was used to make the figures.
RESULTS (a) Exploratory behaviour
As predicted, during the breeding season, individuals at the range edge were most exploratory, whereas individuals from the site of initial introduction (Mombasa) were least exploratory (F 1,97 ¼ 7.937, p ¼ 0.006; figure 2 ). Model selection indicated that distance from Mombasa was the best predictor of exploratory behaviour (estimate ¼ 0.0010 + 0.0004; table 1; electronic supplementary material, figure S2a). Additionally, sex was an important predictor of exploratory behaviour (estimate ¼ 20.5034 + 0.3330; table 1; electronic supplementary material, figure S2a): males (n ¼ 50) were significantly more exploratory than females (n ¼ 48; t ¼ 2.50, p ¼ 0.014; figure 3a).
(b) Corticosterone release During the breeding season, individuals from the most recently colonized cities (i.e. those furthest from Mombasa) released significantly more corticosterone in response to a restraint stressor than those from the longer established cities (F 1,86 ¼ 2.131, p ¼ 0.0359; figure 4) ; however, when moulting, no such relationship existed (F 1,55 ¼ 0.985, p ¼ 0.33; figure 5 ). Interestingly, differences among populations were driven by corticosterone levels in response to a stressor figure S2b ). House sparrows caught from more urban areas released significantly less corticosterone than those caught from rural areas (t ¼ 3.67, p , 0.001; figure 3b) . At the population level, no correlation was observed between exploration and corticosterone release (p ¼ 0.815), although previous studies predict such a relationship [39] .
DISCUSSION
Behavioural and physiological differences exist among populations of a species that has colonized a novel environment within just the last 60 years. The observed patterns are consistent with the hypothesis that these traits facilitated the range expansion. It is yet unclear whether phenotypic plasticity, genetic differentiation or both underlie the patterns described here, but below we describe how one might discriminate among these possibilities and provide possible interpretations of our present data.
(a) Exploratory behaviour Although decreased exploration might be protective or unnecessary (and therefore lost owing to drift in the absence of reinforcing selection) in familiar habitats, increased exploration might be adaptive in novel environments such as those found at the edge of a range. Exploratory behaviour would allow individuals to discover and procure novel resources in unfamiliar habitats as well as identify potential stressors when such information is less readily available (e.g. from conspecifics). Within the novel environment, males were significantly more exploratory than females. Both male and female house sparrows provision and care for chicks after they hatch, but males typically locate and defend nesting sites before breeding; increased exploratory behaviour in males could enhance the acquisition of quality nesting sites, increasing fitness. Although other studies have shown that males of other species can colonize new territories first [14] , it is yet unknown whether Kenyan house sparrows disperse in a sex-dependent manner.
Although exploratory behaviour was tested in an artificial environment, without any food reward, we feel our paradigm was representative of exploratory behaviour in the wild. In European starlings (Sturnus vulgaris), the amount of a novel environment (one similar to that used in this experiment) explored, but not the speed of exploration, tended to be correlated with the maximum home range size of that individual [40] . Further, although a few individuals displayed frantic movements in the tent, possibly indicative of increased stress and in search of an escape, most calmly hopped through the novel environment pecking at things on the ground or even preening (A. Liebl 2011, personal observation).
(b) Corticosterone responses to stressors Corticosterone release also varied among populations with range-edge populations releasing the most Table 1 . Top five models resulting from the generalized linear mixed models predicting exploratory behaviour and corticosterone release in Kenyan house sparrows across a range expansion. (Distance from Mombasa (the site of introduction; distance), sex, condition, microhabitat (urban or non-urban), altitude and house sparrow density were treated as fixed factors and individuals nested within city was treated as a random factor.) corticosterone, although only during the breeding season. Elevated GC responses at the edge of the range may increase vigilance, aiding in the detection of stressors in novel environments, which may offset the costs of exploration, such as increased exposure to predators and parasites. Further, elevated GC responses may also facilitate the consolidation or formation of memories for novel resources and stressors alike [41] . In other words, strong, rapid elevations of corticosterone in response to stressors might allow individuals at range edges to mitigate and/or remember stressors better in environments where stressors are potentially less predictable, less familiar and/or more numerous. Corticosterone release was also related to the degree of urbanization close to the catching site. Urbanization affects corticosterone regulation in other species as well [34] [35] [36] and a damped corticosterone response in urban areas may reflect habituation to stressors such as increased noise and human disturbance. Here, we used DCORT as an index of corticosterone regulation, rather than absolute levels of the hormone to control for individual variation in corticosterone regulation mechanisms (e.g. corticosterone receptors, corticosterone-binding globulins). Other studies have suggested that these factors may be controlled by baseline levels of corticosterone [42, 43] , which did not vary among populations at either time of year. Although this study was not designed to elucidate the hormonal mechanisms of exploratory behaviour, previous studies indicate that a relationship between corticosterone release and exploratory behaviour might exist; however, no such withinpopulation relationship was observed. A lack of a relationship may be a result of using different birds in each population for hormonal and exploratory measurements; however, recent papers have argued this relationship may be more tenuous than previously thought [44, 45] .
In the Kenyan house sparrow colonization, low genetic diversity [46] and the unlikelihood of an influx of genetic variation from other areas where house sparrows occur [26] make it somewhat surprising that such extensive phenotypic distinction is observed at all among populations. In this and other examples [14, 47] , the rapid change of trait distributions along a range expansion suggest that phenotypic plasticity or rapid evolution allowed the differentiation among populations. However, how these patterns arise is unknown. Interestingly, DCORT differences among populations were significant only when individuals were breeding, a time when mothers might deposit hormones to the yolk of her developing offspring. In other taxa, maternal transfer of corticosterone to eggs has many strong physiological [48] and behavioural effects [49] , including enhancement of the corticosterone response to stressors [48] . Another non-genetic parental effect could be behavioural influences: if exploratory behaviour is elevated at the range edge, offspring provisioning might be reduced if parents take longer to find food; such absence cues might be used as an indication of environmental quality, influencing offspring phenotype [50] . In rats, reduced maternal care causes an enhanced corticosterone response [51] , increased vigilance [51] and improved hippocampal-dependent learning under stressful conditions owing to epigenetic alterations (methylation) of the glucocorticoid receptor promoter in the hippocampus [52] . Although it is unknown if similar mechanisms occur in birds, or what the specific developmental window might be, other studies indicate that parental behaviour during the juvenile period might also be an important time in the development of offspring behaviour and corticosterone regulation in birds [50, 53, 54] .
CONCLUSION
Kenyan house sparrows at the edge of a range expansion were significantly more exploratory in a novel environment and released significantly more corticosterone during the breeding season compared with house sparrows at the site of initial introduction; these patterns suggest that these traits may have influenced the Kenyan colonization. Ongoing studies are investigating: (i) whether and how exploratory behaviour and corticosterone release are related to fitness among populations, and (ii) how genetic, epigenetic and maternal effects influence phenotypic diversity. We hope that our results inspire efforts to determine whether exploratory behaviour and stress-coping mechanisms affect range expansions in other species; if so, parts of species' ranges most likely to expand might be revealed and pest control efforts adjusted accordingly. Likewise, exploration and corticosterone release could prove important for species' extinction risk, as low exploratory behaviour and weak stressor responsiveness might hinder populations' adjustments to altered environments.
All experimental procedures were approved by the University of South Florida's IACUC (W3877) and the Kenyan Ministry of Science and Technology.
